Bisphenol A (BPA) is an endocrine disruptor which can bind to the oestrogen receptor. It also possesses oestrogenic, antiandrogenic, inflammatory and oxidative properties. Since bone responds to changes in sex hormones, inflammatory and oxidative status, BPA exposure could influence bone health in humans. This review aimed to summarize the current evidence on the relationship between BPA and bone health derived from cellular, animal and human studies. Exposure to BPA (0.5-12.5 µM) decreased the proliferation of osteoblast and osteoclast precursor cells and induce their apoptosis. Bisphenol AF (10 nM) enhanced transforming growth factor beta signalling but bisphenol S (10 nM) inhibited Wnt signalling involved in osteoblast differentiation in vitro. In animals, BPA and its derivatives demonstrated distinct effects in different models. In prenatal/postnatal exposure, BPA increased femoral bone mineral content in male rats (at 25 ug/kg/day) but decreased femoral mechanical strength in female mice (at 10 µg/kg/day). In oestrogen deficiency models, BPA improved bone mineral density and microstructures in aromatase knockout mice (at very high dose, 0.1% or 1.0% w/w diet) but decreased trabecular density in ovariectomized rats (at 37 or 370 ug/kg/day). In contrast, bisphenol A diglycidyl ether (30 mg/kg/day i.p.) improved bone health in normal male and female rodents and decreased trabecular separation in ovariectomized rodents. Two cross-sectional studies have been performed to examine the relationship between BPA level and bone mineral density in humans but they yielded negligible association. As a conclusion, BPA and its derivatives could influence bone health and a possible gender effect was observed in animal studies. However, its effects in humans await verification from more comprehensive longitudinal studies in the future.
Introduction
Bisphenol A (BPA) is a raw material in the production of epoxy resins and polycarbonate plastics used in various household appliances, such as electronic devices/media, children toys, kitchen utensils, water pipes, reusable bottles and food storage containers [1, 2] . Humans are exposed to BPA directly through oral and topical routes, and indirectly via environmental pollution and food chain [3] [4] [5] [6] .
The biological effects of BPA are exerted via its bindings to various receptors in the body, including the bone. Due to its structural similarity with the endogenous 17β-oestradiol (E2), it can exert oestrogenic activities via binding with both oestrogen receptor (ER) α and β [7] . However, its affinity is approximately 2000 to 10000-fold weaker compared to E2 [7, 8] . Exposure to BPA has been associated with reduced testosterone level, suggesting the possibly antiandrogenic activity of BPA [9] . Furthermore, BPA also possesses the antiandrogenic activity indirectly via upregulation of aromatase enzyme to convert androgens to oestrogens [10, 11] . The complex
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Besides, BPA also possesses inflammatory activities by stimulating production of pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin (IL)-6, but inhibiting the production of anti-inflammatory cytokines, such as IL-10 and transforming growth factor-β (TGF-β), in cellular studies via ER/nuclear factor-κB (NF-κB) signaling pathway [12] . On the other hand, BPA has been shown to produce reactive oxygen species (ROS) via mitochondrial dysfunction, downregulation of antioxidant enzymes, and alteration of cellular signalling [13, 14] . Bisphenol A-mediated ROS production subsequently causes oxidative DNA damage and cell death [8, 15] . Cross-sectional studies also revealed that BPA exposure was linked with inflammation and oxidative stress in men and postmenopausal women [16, 17] . Since both inflammation and oxidative stress are associated with decreased bone health [18, 19] , exposure to BPA might have degenerative effects on the bone.
Since BPA influences several biological processes associated with skeletal health, it may have an impact on skeletal development and pathogenesis of osteoporosis. A number of studies have been performed to investigate the skeletal action of BPA and its derivatives but the results are inconsistent [20, 21] . The current review aimed to summarize the evidence on the effects of BPA exposure on bone. Evidence derived from cellular, animal and human studies were considered to provide a comprehensive overview of the subject matter.
Evidence from in vitro studies
Bone remodelling is a dynamic process orchestrated by three main skeletal cells, i.e. osteoclasts from haematopoietic lineage responsible for bone resorption, osteoblasts from mesenchymal lineage responsible for bone formation, and osteocytes formed from terminally differentiated osteoblasts permanently entombed in the bone matrix. Osteocytes are mediators of the bone remodelling process [22] . The modelling and remodelling of bone can be influenced by endogenous and exogenous factors, including chemical pollutants like BPA, through various receptors present on the cell membrane [23] . When bone remodelling is skewed to bone resorption, bone loss occurs ultimately resulting in osteoporosis. In this section, the effects of BPA on two major cell types, osteoblasts and osteoclasts, are presented. Currently, the evidence on osteocytes is largely absent.
Osteoblasts synthesize the bone matrix and mineralize it. The formation of mature functional osteoblasts involves the expression of transcriptional factors, such as runt-related factor-2 (RUNX2) and osterix by osteoprogenitor cells [24] . Their bone formation activities can be estimated by the secretion of bone matrix protein (type 1 collagen, alkaline phosphatase, osteocalcin, osteopontin etc.) and calcium nodules formed in culture plate [25] . Treatment of BPA (2.5-12.5 µM) reduced the osteoblast and bone formation by MC3T3-E1 preosteoblasts, indicated by alkaline phosphatase activities and formation of calcium nodules in the culture plate [26] . Coincidentally, gene expressions of RUNX2, osterix and beta-catenin critical in osteoblast formation were decreased [26] . Apoptosis of MC3T3-E1 associated with increased BCL-2 gene expression (proapoptotic gene) and caspase 9 (initiator of apoptosis) was also found [26] .
Comparison of the effects of BPA, p-n-nonylphenol (NP) and bis(2-ethylohexyl)phthalate (DEHP) on M3T3-E1 preosteoblasts were performed by Kanno et al. (2004) . All three compounds reduced the proliferation of preosteoblasts but only BPA (1 µM to 10 µM) alone increased the activity of alkaline phosphatase and cellular calcium content [27] . This might indicate that BPA promoted early osteoblast differentiation in this study. The results of Kanno et al. (2004) were significantly different from Hwang et al. (2013) , possibly due to use of stripped foetal blood serum (FBS) and the range of concentrations used. Stripped FBS avoids the interference of endogenous stimulants for growth but it is not similar with the in vivo condition. Mika et al. (2016) showed that BPA might exert its effects on osteoblasts through steroid and xenobiotic receptor (SXR). This receptor was only detected in osteoblasts but not osteoclasts of adult and foetal bone tissues. Treatment with BPA increased SXR responsive genes in human foetal preosteoblast cell line (hFOB transfected with SXR) and osteoblast-like cells, MG-63. The proliferation and collagen productions of hFOB transfected with SXR were increased at lower concentrations of BPA compared to control cells [28] .
The effects of long-term exposure to BPA and its analogues, bisphenol AF (BPAF) and bisphenol S (BPS) (10 nM) on human osteosarcoma cells were compared [29] . After three months of exposure, BPAF and BPS significantly enriched 5 and 11 skeletal biological processes according to the genome-wide gene expression assay, but BPA exposure was not associated with changes in any skeletal genes [29] . Some of the processes enhanced by BPAF and BPS included development of embryonic skeletal system, osteoclast differentiation and hedgehog signalling pathway [29] . Bisphenol AF by itself enriched TGF-beta signalling pathway whereas BPS reduced expression of genes related to Wnt signalling pathway (low-density lipoprotein receptor-related protein 5 and Wnt5A) and specific osteoblast markers (RUNX-2, osteoprotegerin, collagen type 1 alpha 1) [29] . The differential effects of BPA analogues on skeletal process might be related to their affinity towards cell receptors. For instance, BPAF was shown to have a higher affinity towards oestrogen receptor and thus higher oestrogenic activities [30] . A derivative of BPA, bisphenol A diglycidyl ether (BADGE), is a potent antagonist of peroxisome proliferator-activated receptor gamma (PPARγ). Yu et al. (2012) showed that human bone mesenchymal stem cells incubated with BADGE demonstrated lower adipogenesis but not higher osteogenesis [31] .
Osteoclasts reabsorb damaged bone and make way for new bone formation. However, excessive reabsorption can damage bone health. In cellular studies, osteoclasts are differentiated from macrophages using specific factors [32] . Formation of tartrate resistance acid phosphatase (TRAP) positive cells (osteoclast-like cells) from RAW 264.7 macrophages were dose-dependently reduced by BPA (0.5-12.5 µM) [26] . This was associated with suppressed expression of osteoclastic genes, receptor activator of nuclear factor-κB (RANK) and nuclear factor of activated T cells (NFATc1) triggered by inhibition of JNK, p38, ERK and Akt phosphorylation [26] . The viability of RAW 264.7 macrophages was also decreased by BPA. This was induced by decreasing the expression of BCL2 and upregulation of caspases 3 and 8 (initiator of apoptosis) [26] . Overall, in vitro studies of BPA on osteoclasts are limited.
The effects of BPA and its derivatives on bone cells are summarized in Figure 1 .
Evidence from animal studies
Many studies have been conducted on the effects of BPA on skeletal health in rodents, ranging from the foetal/neonate skeletal development model, the diabetic bone loss to the classic oestrogen deficiency (knockout or castrated) osteoporosis model. This appropriately encompasses the skeletal health from early development to old age similar in humans.
Developmental programming or changes in metabolic environmental during the prenatal and postnatal period can influence disease development in the later stage of life [33] . To investigate the effects (DES, used in hormone replacement), and ethinyl oestradiol (EE, used in oral contraceptives) exposure to mice nine days prenatal and 12 days postnatal [34] . The skeletal health of these mice was assessed during adulthood when they had reached peak bone mass. The study revealed that exposure to 10 µg/kg/day BPA significantly increased femoral length in male mice but decrease biomechanical strength (energy to failure) in female mice [34] . In contrast, DES and EE increased the femur length in female mice but decreased biomechanical strength in mice [34] . In addition, male mice exposed to 0.1 µg/kg/day DES had significantly lower marrow cavity diameter, higher cortical bone width, lower endosteal to periosteal medio-lateral diameter ratio [34] . This was not seen in other treatment groups. None of the treatment affected circulating bone remodelling markers [34] . The stronger effects of DES on bone compared to BPA might arise due to a stronger oestrogen receptor binding affinity. This study showed that early exposure of BPA, EE or DES could lead to reduced bone strength and low-trauma fractures.
In a similar study, Lejonklou et al. supplemented Wistar rats with 25-50,000 µg/kg BPA from gestational day 7 until 22 days postnatal. Their bone health was examined at three months old. The results showed that femoral length of the rats exposed to all doses of BPA was significantly higher than controls [20] . The femoral diaphyseal bone mineral content (BMC) of the female rats exposed to BPA at 250 µg/kg was significantly lower compared to rats exposed to 50,000 µg/kg BPA [20] . Male rats exposed to 25 µg/kg BPA had significant thicker diaphyseal cortex, total and cortical BMC, as well as cortical cross-sectional area compared to rats exposed to 250 µg/kg BPA [20] . Bone biomechanical strength and metaphyseal geometry of the femur was not affected by BPA exposure [20] . This did not necessarily indicate the skeletal geometrical changes were insufficient to produce a specific effect. Since the biomechanical test (three-point-bending) only applied stress to a certain part of the bone, it might not reflect the weakest bone segment. This study highlighted the gender difference in the skeletal response of the rats towards moderate exposure of BPA in their early stage of life. Bone mineral content deteriorated in female rats but increased in the male rats. The exact reason is not known at the moment.
Female aromatase-knockout (ArKO) mice are a model of oestrogen deficiency because they lack aromatase enzymes essential in the production of oestrogen [35] . Toda et al. (2002) supplemented five-week-old female ArKO mice with 0.1% or 1.0% (w/w) BPA in the diet for five months. They found that BPA exhibited strong oestrogenic effects by preventing the degeneration of uteri and ovaries, normalizing the gene expression of progesterone receptor and vascular endothelial growth factor in the uteri and insulin-like growth factor-1 receptor, bone morphogenetic protein-15 and growth differentiation factor-9 in the ovaries of ArKO mice [36] . With regards to their bone health, total BMD of the ArKO mice was improved in a dose-dependent manner by BPA. Peripheral quantitative computed tomography demonstrated that degenerative changes in the femoral trabecular bone of the ArKO mice were reversed by BPA [36] . In contrast, BPA did not improve BMD and bone structure of the wildtype mice in this study [36] . This might be due to the relatively lower binding affinity of BPA to oestrogen receptors compared with oestrogens (2,000-10,000 fold lower compared to 17β-oestradiol) [37] . It should be noted that the dose of BPA used in this study (1% in diet) was 1x10 5 higher than the environmental exposure.
Seidlova-Wuttke et al. (2004) compared the oestrogenic effects of BPA (37 or 370 ug/kg), dibutylphtalate (DBP, 92.5 or 462.5 mg/kg) and benzophenone-2 (BP2, 185 or 925 mg/kg) in ovariectomized rats for three months. The affinity of BPA to ER-β was high but to ER-α was low in oestrogen-binding assay [38] . However, oestrogenic activities of BPA on oestrogenic responsive tissues, such as uterine epithelium, endometrium and myometrium were not significant [38] . With respect to skeletal health, BPA reduced the trabecular density at the tibial metaphyseal of the ovariectomized rats by 5%. Osteocalcin (bone formation marker) level was increased in BPA-treated rats but C-terminal of collagen crosslinks (bone resorption marker) level was not affected [38] . In contrast, BP2 exhibits strong oestrogenic activities on uterine tissues and increased tibial metaphyseal trabecular bone density, while DBP had the least effects on uterine and bone tissues [38] . The researchers suggested that the oestrogenic activities of BPA were overcome by its antiandrogenic and aryl hydrocarbon receptor binding activities, which were associated with reduced bone health.
A derivative of BPA, BADGE, is a component of epoxy resin coatings for cans, tanks and concrete vats [39] . The skeletal effects of BADGE on bone have also been studied. Botolin and McCabe (2006) administered BADGE at 30 mg/kg daily (i.p.) to 15-week-old male mice with insulin-deficient induced by streptozotocin and normal mice. These mice suffered from bone loss, bone marrow adiposity, hyperglycaemia and hyperlipidaemia induced by diabetes [40] . Treatment with BADGE inhibited the development of hyperlipidaemia and bone marrow adiposity but not bone loss and suppression of bone formation genes (runt-related factor 2 and osteocalcin) [40] . By itself, BADGE did not suppress osteoblastrelated gene expression or decrease the bone mineral density of the rats [40] .
In a subsequent study by Duque et al. (2012) , nine-month-old male mice were treated with BADGE alone (30 mg/kg i.p. daily) or in combination with 1,25-dihydroxyvitamin D (the biologically active form of vitamin D, delivered using a subcutaneous osmotic pump, 18 mp/day) for six weeks. Mice receiving BADGE alone or in combination with 1,25-dihydroxyvitamin D showed increased bone volume, trabecular number, thickness and unmineralized osteoid at the distal femoral metaphysis [41] . This might be contributed by increased bone formation, indicated by higher levels of osteocalcin (bone formation marker), osteoblast number and mineral apposition rate (at both cortical and trabecular bone) at the femur of the stated groups [41] . The treatment also reduced bone marrow adiposity concurrently with the downregulation of genes related to adipogenesis (PPARγ and CCAAT/enhancer binding protein α (C/EBPα)) [41] . The extracted bone marrow cells from mice treated with BADGE and 1,25-dihydroxyvitamin D showed more colony forming units and higher protein expression of osteocalcin and runt-related factor-2, but a lower expression of osteopontin [41] . Osteopontin expression is critical in bone mineralization. Therefore, the researchers suggested that the lower osteopontin expression was related to the unmineralized osteoid, demonstrating high bone matrix synthesis exceeding its capability to mineralized.
Li et al. investigated the effects of BADGE (30 mg/kg daily for 12 weeks, i.p.) on five-month-old ovariectomized or normal female rats. Bone structural indices were improved in normal female rats receiving BADGE, demonstrated by increased bone density and volume, increased trabecular thickness, number and lower separation. This was contributed by increased bone formation, indicated by higher mineral apposition rate, bone formation rate, osteoblast number and N-terminal propeptide of type I collagen (a bone formation marker) [21] . Bone marrow adiposity was lowered in the treated group [21] . These physical changes were reflected in the gene expression level, whereby the expression of adipogenesis gene (PPARγ and C/EBPα) was lowered while expression of osteogenesis genes (osteocalcin and RUNX2) was increased with treatment [21] . The beneficial skeletal effects of BADGE were attenuated by ovariectomy. Apart from a reduced trabecular separation and bone marrow adiposity, no other changes including gene expression were detected in BADGE treated ovariectomized rats [21] . Figure 2 shows the effects of BPA and its derivatives on rodents in various models, ranging from prenatal exposure to disease states.
Evidence from human studies
Two cross-sectional studies have examined the relationship between BPA and bone health in humans. A small-scale study among 51 Korean post-menopausal women aged between 50-82 years (mean age 64.5 years) receiving osteoporotic treatment in a hospital found that serum BPA did not correlate significantly with bone mineral density (lumbar spine, total femur and femoral neck), body mass index, 25-hydroxyvitamin D and bone remodelling markers [42] . Since the sample size was small, this study might be underpowered. The subjects were restricted to women on osteoporosis treatment, which might mask the effects of BPA on bone [42] . In a population of 246 pre-and post-menopausal Chinese women from Shanghai China aged 35.2±0.6 years, positive relationships between urinary BPA level, fat mass and leptin level were found [43] . However, the associations between urinary BPA and bone mineral density (lumbar spine and femoral neck), bone remodelling markers, serum oestradiol level were not significant after the adjustment with body mass index [43] . In the final multivariate model, fat-free mass was a strong predictor of bone mineral density in these subjects instead of fat mass [43] . This might explain the absence of mediating effects by BPA in the relationship between body anthropometry and bone mineral density [43] . It should be noted that these women were healthy, with regular menses and normal body mass index (21.2±0.2 kg/m 2 ), so they were not at risk for osteoporosis [43] . To date, no study has been performed to investigate the relationship between BPA level and risk of fragility fracture.
Discussion
The pharmacokinetics studies on BPA revealed that it undergoes rapid and extensive metabolism in the body [44] . Most of the BPA undergoes glucuronidation and sulfation by the liver to form hydrophilic products and a very small amount is excreted unchanged via the biliary route or urine [45] . More than 90% of the BPA is eliminated 24 hours after ingestion [44] . Typical BPA exposure through food ingestion would produce picomolar or subpicomolar circulating concentration in the body [46] . Deposition of BPA in body tissues is not well characterised but some studies showed that it can be found in the adipose tissue and breast milk of humans [47, 48] . The BPA level in skeletal tissue is relatively unknown. Therefore, it is difficult to judge whether the concentrations in cellular studies or dosage in animal studies are realistic.
There is evidence reporting that the dose-response of BPA is biphasic non-monotonic [49, 50] . One study summarised that 20% of the published dose-response studies on BPA demonstrated this characteristic [50] . This suggests that the dose-response curve of BPA could be inverted-U shaped. It might be beneficial at lower doses, and harmful to the bone at higher doses. This would explain some of the heterogeneous results seen in bone cell studies. However, this property of BPA on bone is not scrutinized more closely in any study and remains speculative at best at this moment.
Studies on the relationship between BPA level and bone health are scarce at this moment. The two available studies that examined the association between BPA level and bone mineral density demonstrated a non-significant relationship [42, 43] . Besides, the populations studied are small. The subjects in the study by Zhao et al. (2012) were relatively young and they were not at risk of developing osteoporosis [43] . Meanwhile, Kim et al. (2012) studied an osteoporotic population receiving osteoporosis treatment [42] . Thus, the relationship between BPA and bone health in humans is not conclusive and awaits larger studies. Longitudinal cohort studies are necessary to investigate the risk of fragility fracture and BPA exposure.
Ultimately, it is hard to quantify the effects of a single xenoestrogen on bone health in humans as we are constantly exposed to a myriad of pollutants with potential skeletal effects.
Phthalates, 1,1 -dichloro-2,2-bis(p-chloropheny1)-ethylene (DDE), dioxin and cadmium are some of the pollutants exhibiting skeletal activities in humans [51] [52] [53] [54] . This was confounded by the presence of dietary and endogenous factors that regulate bone metabolism [55] [56] [57] [58] [59] . Hence, it is impossible to delineate the skeletal action of each pollutant in humans.
Conclusion
Bisphenol A is an endocrine disruptor which could affect bone. However, due to the cellular and animal model used in the investigations, the skeletal effects of BPA and its derivatives are heterogeneous (Table 1) , whereby both positive and negative effects have been reported. A possible gender effect of BPA on bone has been revealed in animal studies (beneficial in males, deleterious in females) but this awaits further examinations. There is a paucity of epidemiological studies on the effects of BPA exposure and bone health in humans. The current evidence from cross-sectional studies revealed a negligible relationship between BPA level and bone mineral density but this is not conclusive. A more comprehensive longitudinal study is needed to verify the relationship BPA and bone health in humans, especially in fracture risk assessment. Promote bone formation in normal rats. Decrease bone loss in ovariectomized rats.
